Abstract -In the perspective of the conversion of Norway spruce plantations, there is a need for foresters to assess the potential of the natural woody species regeneration. We studied 50 Norway spruce plantations on alluvial soils throughout the Grand-duché de Luxembourg and compared the regeneration characteristics (species composition, spatial heterogeneity) with 42 riverine deciduous stands (the target communities). Within the Norway spruce plantations, Fraxinus excelsior and Acer pseudoplatanus were the main regenerating species, probably because of their very good dispersal abilities. Norway spruce seedlings were quasi-absent. Low Norway spruce densities and baserich soils (local factors) as well as proximity of riverine deciduous forests (regional factor) strongly favoured the regeneration of a suite of broad-leaved species. The thickness of Norway spruce litter did not appear to be a limiting factor, at least for large-seeded tree seedlings. The spatial heterogeneity of the woody regeneration was rather similar in coniferous and deciduous stands. We conclude that for the development of multifunctional forests, the spontaneous regeneration under low-dense Norway spruce stands on base-rich soils provides a valuable starting point.
INTRODUCTION
Norway spruce has been widely planted in Western and Central Europe for the last two centuries. Moreover, in part as a direct consequence of the Common Agricultural Policies of the European Union of the last fifty years, former alluvial meadows annually mown either have been abandoned to natural colonisation or have been converted into Norway spruce or Poplar plantations. Due to biodiversity considerations [30] and to significant damage to Norway spruce resulting from storms and insect proliferation [34] , the current tendency to convert Norway spruce plantations into more spontaneous forests is in the first place. Indeed, Norway spruce plantations on alluvial soils (i.e. located in the floodplain) do generally not fulfil most of the current requirements of multifunctional forestry i.e., wood production, recreation, nature conservation, hunting, water supply and soil protection [22] . In this context, conversion of these plantations is a great challenge both for forest managers and ecologists in Europe.
All over the world, initiatives to restore the formerly present forest type on areas covered by plantations have significantly increased during the last decade (e.g. [2, 48] ). In Europe, several studies have been conducted on the natural regeneration processes under Norway spruce [3, 15, 28, 34, 60] , Pine (e.g. [44] ), or Poplar plantations (e.g. [40, 61] ). All these species have been intensively planted outside of their native biogeographical area and, frequently, on unsuitable sites. Generally these studies concluded that non-indigenous plantations facilitate the regeneration of indigenous trees under their canopy. However, apart from one prior qualitative study [28] , regeneration processes in Norway spruce plantations on alluvial soils have not been studied quantitatively to our knowledge. Because foresters need to understand the potential of natural regeneration in the perspective of conversion, we addressed the following questions: (i) Which woody species regenerate naturally in Norway spruce plantations on alluvial soils? (ii) Is this regeneration qualitatively and quantitatively comparable to the regeneration observed in deciduous alluvial stands? (iii) Which stand characteristics explain the level of regeneration? (iv) Is this regeneration homogeneous enough to be useful in order to convert Norway spruce plantations into deciduous alluvial woods?
MATERIALS AND METHODS

Study area
Almost all the investigated stands were situated throughout the Grand-duché de Luxembourg in Central-Western Europe (49° 26' -50° 10' N, 5° 42' -6° 32' E). The climate is continental with an oceanic influence; the mean annual temperature is 9 °C. Annual rainfall ranges between 700 mm (East) and 1000 mm (West). From geographical and geological viewpoints, Luxembourg has two natural regions, which are extensions of Belgian biogeographical regions [18] . In the North, the 'Oesling' consists of Lower Devonian geological layers, shales and gritty shales with low calcium and phosphorous contents.
The 'Oesling' covers one-third of the territory, is slightly mountainous (highest point: 555 m) and is heavily forested. The South, called 'Gutland', has more recent geological layers of sandy and calcareous rocks, from the Triassic and Jurassic periods. It mainly consists of rolling farmlands and small forests as an extension of the Lorraine plateau.
Tree species of deciduous forests on alluvial soils are mainly Fraxinus excelsior, Acer pseudoplatanus, Quercus robur, Alnus glutinosa and sometimes Fagus sylvatica and Carpinus betulus. Ulmus minor has almost disappeared from the tree layer as a result of Dutch Elm disease. Crataegus spp., Corylus avellana, Prunus padus, and Sambucus spp. form a well-developed woody undergrowth [28] .
Sampling methods
Norway spruce plantations were systematically selected with regard to similar stand ages (ca. 45 years old). Deciduous stands (i.e. the target communities for conversion of Picea stands) were selected only if no visual sign of a former plantation was present. Almost all the stands were distributed throughout the GDL in a spatially extensive sampling strategy [10] . In total, 86 Norway spruce plantations, ranging from 840 to 14 570 m 2 , and 160 deciduous stands, ranging from 500 to 12 190 m 2 , were surveyed ( Fig. 1) . Stand areas were estimated using digitised maps. The fieldwork was carried out during the growing period 2002 and 2003.
All stands were completely and systematically surveyed twice a year: during spring and during summer/autumn. All plant species were recorded. Forest margins were omitted. Each species received an abundance coefficient. Low, medium and high surface cover of the stand were coded respectively as 1 (< 10%), 2 (10 to 50%), and 3 (> 50%). Cover percentages of both the herbaceous and the canopy layers were also recorded. The nomenclature of vascular plants follows Lambinon et al. [38] . The whole vegetation table is available from the authors upon request.
In a subset of 50 randomly selected Norway spruce plantations and 42 deciduous stands, the individual numbers of regenerating trees and shrubs were recorded. In each stand, 3 randomly chosen replicates of 5 m × 5 m-sized plots [44] were established. Tree and shrub species were registered and classified into four categories: young seedlings (< 10 cm tall), old seedlings (≥ 10 cm but < 50 cm tall), short saplings (≥ 50 cm but < 1.5 m tall), tall saplings (≥ 1.5 m tall but < 7 cm dbh).
For the 86 Norway spruce plantations, two types of environmental characteristics were registered: (i) regional ones: distance to the nearest deciduous forest, distance to the nearest alluvial deciduous forest (i.e. forest occurring in the floodplain of the same river) and (ii) local ones: the basal surface using the Bitterlich relascop, the tree density extrapolated from a 20 m × 20 m subplot, the tree maximum height determined with a clinometer, the soil texture (relative % of clay, silt and sand) hand-estimated in the field, the soil pH (ISO 10390 norm), the humus type [17] and, if present, the depth of apparition of the reduction level in the soil.
Statistical analyses
(i) As vegetation and ecological processes on alluvial soils were rather heterogeneous within both Norway spruce plantations [47] and deciduous stands [46, 49] , a prior site classification was applied for both forest types. In order to provide a comprehensible and applicable classification based on forest trees for forest managers, deciduous stands were classified based on the woody species abundances. Norway spruce plantations were classified based on the herbaceous vegetation abundances because this layer is sometimes the only one present and hence a classification based on woody species is futile. Ward's method, which minimizes distortions in the underlying space [41] , was chosen for clustering. The indicator value (IV) method was Natural regeneration in Norway spruce stands 713 used to detect the specificity of a species for a certain cluster [19] . The statistical significance of the IV is evaluated using a randomisation procedure performed with 99 999 permutations.
(ii) Even if our stand areas were largely superior to those recommended for forest vegetation studies [8] , the variability of sampling areas could affect the number of herbaceous species recorded. To rule out this problem when studying the relationships between Norway spruce clusters and numbers of species, two linear regressions (one for each cluster) were conducted with the logarithm of stand area (the logarithm allowed a better significance of the regression) as independent variable and the number of species as dependent variable.
(iii) Differences of mean (when data fitted normality) or median (when data did not) values of local and regional characteristics were tested between the two clusters in order to get a thorough ecological profile of each type. Fisher exact test, t-test, Chi 2 and Mann-Whitney U test were applied depending on the data type.
(iv) For each cluster group of the main forest types, sapling data of the spontaneous tree regeneration and of the shrub species were arranged into box plots with medians and quartiles (data did not fit normality). At this step of the analysis, only the sapling dataset was included because the potential of seedlings is uncertain for forestry. Plot data were averaged per stand to avoid risks of pseudo-replication [31] .
(v) We used a Spearman rank correlation coefficient to get an insight into the role of environmental characteristics (cover of herbaceous and canopy layer, litter thickness, soil pH, plantation density, distance to the nearest forest and to the nearest alluvial forest) in the regeneration densities of woody species observed under Norway spruce canopy. As F. excelsior and A. pseudoplatanus were the main regenerating trees, analyses were carried out first for these two species separately and then on the pooled other species.
(vi) To investigate the spatial distribution of the woody species regeneration in each site, the Morisita index (I) [43] was used. To avoid too many null values, data were analysed for all trees useful for forestry together (i.e. A. pseudoplatanus, C. betulus, F. excelsior, F. sylvatica and Q. robur). I was applied by developmental stage and by site: (1) where m = number of plots, n j = the number of individuals found within the jth plots, and N = the total number of plots. This index reflects a regular (Iδ < 1), a random (Iδ = 1), or an aggregated (Iδ > 1) distribution. The maximum value of Iδ is m. The significance of Iδ deviation is tested by:
T is compared with a F-table (m -1; ∞). The deviation from random distribution was chosen significant for T > F (m -1; ∞) with α = 0.05.
RESULTS
Typology of the stands
Simplified classifications for the first levels of division of the cluster analysis are given in Figure 2 . Norway spruce plantations were classified in two groups of stands. Within the two Cluster analyses of (a) Norway spruce stands based on herbaceous species abundances and of (b) deciduous stands based on woody species abundances (Ward's method, indicator species determined following Dufrêne and Legendre [19] , only species with P < 0.001 are reported).
clusters, the herbaceous species richness was positively related to the logarithm of stand area (Fig. 3) . At low areas, species richness increased rapidly, but the rate of increase declined with increase in area. On the whole, the difference between the two regression lines averaged 10 species. Based on this result, the first and the second cluster will be referred to as 'Ns poor stand' and 'Ns rich stand', respectively. Ns poor stands were characterized by only two herbaceous species (Fig. 2 ) whereas a lot of abundant species in Ns rich stands were absent in Ns poor stands. The latter were predominant in the Oesling region and had a higher density of mature Norway spruce trees (Tab. I). Soils of rich stands were drier (as the reductive layer appeared deeper) and sandier whereas those of poor stands were wetter, and richer in clay and silt. Although the mean distance to the nearest forest was quite similar between the two groups, the mean distance to the nearest alluvial forest differed greatly. Indeed, within the floodplain, Ns poor stands were more isolated from deciduous forest than Ns rich stands. Deciduous stands were classified into 3 distinct clusters. Stands characterized by Fagus sylvatica, Carpinus betulus and Quercus robur (Beech stands) clearly clustered into one type. The residual stands were separated in 2 groups, i.e. into Alder stands on the one hand and Ash stands on the other. On the whole, this classification followed a hydrological gradient from the very wet A. glutinosa stands to the drier F. sylvatica stands.
Quantification of the natural regeneration
In total, 34 woody species were present in Norway spruce plantations while 31 were in deciduous stands. The frequencies and abundances of saplings for the different clusters are shown in Figure 4 . A particular characteristic of the Norway spruce plantations was the presence of few (1-3) dominant tree species in composition of the regeneration. Thus variation in relative abundance of the total numbers of tree seedlings and saplings often reflected variations of these dominant species. ns: P > 0.05; * 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** P < 0.001.
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The regeneration patterns were highly differentiated (Figs. 4a and 4b) between the two clusters of Norway spruce plantations. For Ns rich stands, in addition to the spontaneous regeneration of the shrub Sambucus nigra, the tree saplings F. excelsior and A. pseudoplatanus were found most frequently. In 50% of plantations, more than 500 saplings of A. pseudoplatanus were recorded per hectare while almost 1000 saplings of F. excelsior were observed. F. sylvatica, with frequencies lower than 50%, and Q. robur or C. betulus, with frequencies lower than 20%, were not abundant. The pool of tree species regenerating spontaneously in Ns poor stands was rather low. Neither trees nor shrubs regenerated frequently to such an extent that none tree species appeared in Figure 4a . Spontaneous regeneration of Picea abies was negligible in the investigated Norway spruce plantations.
The three clusters of deciduous stands were also highly differentiated (Figs. 4c, 4d and 4e) . Tree saplings were generally rare in the Alder group. Only A. glutinosa and A. pseudoplatanus regenerated slightly. Conversely, Ash and Beech stands had high numbers of regenerating trees. Within Ash stands, A. pseudoplatanus and F. excelsior were the most frequent/ abundant saplings. Within Beech stands, F. sylvatica, A. pseudoplatanus, F. excelsior, and C. betulus were rather frequent but have low abundances. In addition, the shrubs C. avellana, C. monogyna and S. nigra colonized stands of both clusters. Interestingly, for the two main regenerating species, i.e. A. pseudoplatanus and F. excelsior, none of medians of abundances observed in the three deciduous clusters were greater than the median values observed in the Ns rich group.
Influence of environmental characteristics on the regeneration
Concerning the regional characteristics, the density of woody juveniles of F. excelsior and A. pseudoplatanus were negatively correlated with the two distance measures (Tab. II) on the whole. The distance to the nearest alluvial forest had a greater explaining power than the other distance measure. This isolation effect was particularly marked for F. excelsior.
Concerning the local characteristics, Spearman rank correlations indicated that litter thickness did not so much influence densities of both seedlings and saplings of F. excelsior, A. pseudoplatanus and of other trees. On the other hand, sapling densities decreased with increasing plantation densities whereas correlations of seedling densities with the last were not significant. Correlations with percentage of cover of the tree layer led to the same results, i.e., significant negative correlations for saplings and non-significant ones for seedlings. On the contrary, the cover percentage of the herbaceous layer was positively correlated with the sapling densities, and especially with the density of the short saplings. No great differences were detected between the regeneration patterns of the two main trees F. excelsior and A. pseudoplatanus. Globally, an increase of plantation densities and thus of canopy cover percentages decreased the sapling numbers. Low plantation densities allowed high sapling numbers as well as high herbaceous covers. These effects were not noticed for seedlings. c Young seedlings (< 10 cm tall), old seedlings (≥ 10 cm but < 50 cm tall), short saplings (≥ 50 cm but < 1.5 m tall), tall saplings (≥ 1.5 m tall but < 7 cm dbh). ns: P > 0.05; * 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** P < 0.001. 
Heterogeneity of the regeneration
The Morisita index showed that at least a part of the regeneration pool was aggregated (Fig. 5) . However, whatever the developmental stage considered, the spatial heterogeneity observed in Norway spruce plantations was rather well comparable with that of deciduous stands. The maximum heterogeneity was reached for seedlings and decreased to less than 20% for tall saplings. For them, the Norway spruce poor group and the deciduous alder group showed no stand with significant heterogeneity, as a consequence of the low regeneration densities observed in these groups (Figs. 4a and 4c ).
DISCUSSION
Composition of the regeneration
Natural regeneration in temperate forests often results in high seedling densities [42, 60] . Within the Ns rich group, F. excelsior and A. pseudoplatanus saplings are the main regenerating trees. The pattern of sapling regeneration in the Ns rich group is generally similar to that of Ash group (Figs. 4b and  4d) . The total number of useful saplings for forestry has a median superior to 1300 ind·ha -1 , which is superior to any median of the deciduous clusters. In a restricted number of plantations (15%), this number exceeds 10 000 ind·ha -1 , which is much higher than the recommended afforestation rates (from 1 600 to 4 500 saplings·ha -1 for A. pseudoplatanus and F. excelsior [6] ). Some individuals of F. excelsior and A. pseudoplatanus even reach 15-20 m and seem very promising from an economic point of view. Norway spruce seedlings are quasiabsent in both Norway spruce groups (Figs. 4a and 4b ). A too high moisture level of alluvial soils in winter probably leads to the death of young seedlings and therefore, a negative feedback between the mature trees and the regeneration dynamic occurs.
The autecology of F. excelsior and A. pseudoplatanus is generally similar although A. pseudoplatanus seems to be more tolerant to a lack of moisture in the soil than F. excelsior [9] . It is well-known that the best growth of F. excelsior and A. pseudoplatanus occurs on base-rich soils [58] which have a high moisture level [37] , and on nutrient rich sites [9] . In addition, sediment texture of alluvial valleys of small rivers varies primarily with the bedrock nature. Lower Devonian layers of the Oesling have lead to fine texture deposits whereas sandstones from Triassic and Jurassic of the Gutland have lead to sandy soils. Fine texture deposits combined with lower depths of reduction level and of bedrock appearance (Tab. I) enhanced soil gleyification. Consequently, soil conditions of the Gutland (sandy, relatively high pH, low water table) are the most appropriate for natural tree regeneration. These results also highlight the primordial importance of the biogeographical region for studying tree regeneration dynamics and hence to begin the conversion process.
Plantation density and litter thickness
The ground vegetation below dense plantations of young Norway spruce is often sparse because of shading [3] and the slow decomposition kinetic of the litter [13, 25] . Indeed, our results revealed the strong effect of the Norway spruce density on the spontaneous regeneration (Tab. II). The plantation density is primarily related to the management intensity, i.e. the frequency of thinning out. The higher plantation densities observed throughout the Oesling (Tab. I) are explained by the lower management intensity due to the lower accessibility of the stands (hilly area). Tree densities influence light availability for the understorey. In temperate alluvial forests, light has previously been found to be determinant for regeneration dynamics [53] . A lack of light generally decreases not only the survival [23, 50] , but also the establishment and growth of forest tree species [7, 53] , and especially the establishment of F. excelsior [42] , the growth of F. sylvatica [1, 11, 12] , and the growth of Q. robur [35, 45] . Nevertheless, some young seedlings have the ability to produce firstly shade leaves [59] , which enables them to survive many years under closed canopies [12, 56] , such as those of dense Norway spruce plantations. This may explain why Norway spruce plantation densities had lower effects on seedling numbers than on sapling densities (Tab. II). The occurrence of juveniles as a bank of persistent seedlings and saplings is primordial because these can grow very rapidly in response to canopy opening [56] , allowing to overcome a competition stage with the herbaceous layer [27, 42] that occurs frequently on alluvial, nutrient-rich soils [53, 54] . From this point of view, shading is essential for limiting the occurrence of tall persistent and strongly competitive herbs such as Urtica dioica and finally for regeneration of alluvial trees [53] . Indeed, longer periods with shelterwoods [29, 39] or techniques of regeneration in gaps [51] are more and more recommended in practical forestry as well as in nature conservation [24] .
Higher plantation densities within the Ns poor group leads also to a higher litter production, which in turn increases the soil acidity [4] . The litter is also more persistent because of a lack of light [25] . Generally, litter has a negative effect on recruitment [21] . The lower amount of litter in Ns rich stands (Tab. I) leads to a greater part of mineral soil being exposed to the seed-rain, providing an ideal substrate for germination and growth of not only small-seeded, wind-dispersed species [20] such as Alnus glutinosa and Salix spp., but also large-seeded species such as F. excelsior, A. pseudoplatanus, Q. robur and F. sylvatica. Moreover, seedling emergence of small-seeded species is inhibited by litter to a much higher extent than that of large-seeded species [20, 52] . This may explain why the main regenerating tree species are large-seeded species (Fig. 4b) , for which the litter thickness does not appear to be a strong limiting factor (Tab. II).
Dispersal and heterogeneity
Although deciduous mother trees are very scarce in Norway spruce plantations, saplings were found everywhere in Ns rich group. Moreover, most of the forest tree species have a transient seed bank [5] , to such an extent that the seed rain drives the regeneration processes even in deciduous alluvial forests [14] . Under mature Norway spruce canopy (ca. 45 years old), regenerating trees colonize thus the plantation from the outside, i.e. from the nearest forest. Ash and Maple are very abundant in floodplain forests, whereas other studied trees are located preferentially on hillside forests. Logically, young trees of the firsts were correlated with distance to the nearest alluvial forests 718 B. Hérault et al.
(Tab. II). In Ns poor group, distances to alluvial forest were too high to ensure recruitment, despite the strong dispersal abilities of Fraxinus sp. and Acer sp. [33] . Thus, availability of seeds in surroundings (regional factor) determined the successful colonization of the Norway spruce plantations to an extent at least comparable to the availability of micro-sites suitable for seeds germination and tree development (local factor). Further studies could aim at distinguishing the relative effects among the regional and local factors pointed out in this study.
The aggregation index of Morisita showed certainly a significant spatial heterogeneity for Norway spruce regeneration, but this heterogeneity was rather similar to that observed in deciduous forests (Fig. 5) . Firstly, many deciduous trees are characterized by intermittent production of mast seeding [32, 36] . For example, the fruiting irregularity of F. excelsior is related to predator satiation [55] . Such a temporal variability improves the spatial homogeneity because mast fruiting years occur synchronously within the population [32, 57] . Secondly, the Morisita index decreases strongly when the seedlings become older. Indeed, young seedlings are often patchy distributed because of spatial variation of tree fruiting. That leads to high values of the index. In time, only a few seedlings will become saplings due to competition, and that whatever the initial densities, hence the heterogeneity will decrease.
CONCLUSION
This study has demonstrated that Norway spruce stands with high density and on acidic soils were not relevant candidate for a conversion process. On the other hand, Norway spruce plantations with low density, located on alluvial base-rich soils (local factors) and close to seed sources (regional factor) strongly favoured a suite of broad-leaved riverine tree species. Taking advantage of the natural regeneration processes and applying only a few silvicultural measures will lower conversion energy and forestry costs (i.e. soil preparation, direct sowing, supplementary planting and regulation of tree composition) [26] . For the development of mixed and multifunctional forest stands, with a high ecological and landscape value, the spontaneous regeneration provides an interesting conversion mean. We recommend that further studies are carried out for a better understanding of the ecological processes within coniferous plantations such as seed dispersal, predation and germination, seedling establishment and growth, the influence of browsing [e.g. 16] and also of the effects of management practices [51] .
